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Complexes of four peptides and permethylated-/3-cyclodextrin are produced in the gas phase 
by using electrospray ionization. The four peptides--bradykinin (BK), des-Arg-1 bradykinin 
9 5 8 (dR 1BK), des-Arg-9-bradykinin (dR BK), and Gly-5-Gly-8-bradykinin (G G BK)--were cho- 
sen because the relative inclusion and protonation sites varied with each peptide. Collision- 
induced dissociation (CID) was performed to determine the dissociation threshold of the four 
complexes. Heated capillary dissociation (HCD) was used to determine the dissociation 
temperatures of the peptide complexes. CID and HCD indicate the same ordering of stability 
in the complexation of~ the ppe tides to1 the ohgosaccharides. Increasing strength of interaction 
follows the order dR~BK < BK < dR~BK ~ GSG8BK. The absence of Arg-9 destabilizes the 
complex, whereas the absence of Arg-1 stabilizes it relative to BK. Replacing both Phe 
residues with Gly similarly strengthens the interaction, suggesting that the Phe destabilizes 
the complex. CID and HCD are useful methods for obtaining relative strengths of interaction 
in noncovalent bound complexes. © 1997 American Society for Mass Spectrometry (J Am Soc 
Mass Spectrom 1997, 8, 244-252) 
M 
any gas-phase macromolecular complexes 
formed by electrospray ionization (ESI) have 
been reported in the literature in recent years 
[ 1-11], and indeed mass spectrometry provides a rapid 
and sensitive technique for the analysis of such nonco- 
valently bound complexes. A number of groups have 
correlated relative ion abundance with solution-phase 
binding constants for these complexes [12, 13]. How- 
ever, although intensities at mass-to-charge ratios cor- 
responding to these complexes are observed in the 
mass spectra, there has not been direct evidence link- 
ing solution-phase with gas-phase structure. 
The inclusion complexes of organic compounds and 
cyclodextrins involve noncovalent interactions that 
have been widely studied in solution [14-21]. Re- 
cently, several reports of cyclodextrin complexes 
formed with electrospray ionization/mass pectrome- 
try (ESI/MS) have appeared [22-24]. Cyclodextrins are 
cyclic oligosaccharides consisting of glucopyranose 
subunits. The most common are ~-, /3-, and 7-cyclo- 
dextrin, composed of six, seven, and eight glucose 
units, respectively. The glucose units are ot-1-4 linked, 
forming a structure often described as "toruslike" with 
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one rim wider than the other. The wider rim is com- 
posed of the 2- and 3-hydroxyl groups of the glucose, 
whereas the narrower im is composed of the 6-hy- 
droxyl groups. The hydroxyl positions are sometimes 
alkyl derivatized to give the compound greater water 
solubility [25]. The rim of the torus is hydrophilic, 
whereas the outer surface and the inner cavity are 
hydrophobic. In solution, organic compounds, particu- 
larly phenyl rings, are known to include into the cy- 
clodextrin cavity [26]. 
Cyclodextrin complexes are good candidates for 
analysis by mass spectrometry for a number of rea- 
sons. First, complexes of cyclodextrins with other or- 
ganic compounds are important in several areas of 
chemistry including the modeling of enzyme-sub- 
strate interactions, eparation science (particularly chi- 
ral analysis) [27], and pharmacology [28]. Second, the 
inclusion complexes of cyclodextrins represent a rela- 
tively simple system with which to carry out a system- 
atic study of noncovalently bound complexes, as com- 
pared to other more complex systems such as 
protein-ligand interactions. Third, as already men- 
tioned, there is much debate in the area of mass 
spectrometry as to whether gas-phase and solution- 
phase structures in ESI bear any resemblance to one 
another. Ion-dipole complexes of compounds contain- 
ing multiple functional groups are readily formed in 
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the gas-phase during ionization [22, 29]. Condensed- 
phase complexes involving cyclodextrins have been 
studied with numerous pectroscopic methods includ- 
ing x-ray cyrstallography [15, 16, 30-32] and NMR [26, 
33, 34]. Therefore, questions regarding the relationship 
between gas-phase and solution-phase structures in 
ESI/MS can be rigorously addressed by using the 
cyclodextrin complexes. A clear knowledge of this re- 
lationship is key if ESI mass spectrometry is to be a 
valid method for the study of solution-phase pecies. 
We report the use of collision-induced dissociation 
(CID) and heated capillary dissociation (HCD) [35, 36] 
to determine the relative binding affinities of 
bradykinin and three of its analogs to heptakis-(tri-O- 
methyl)-]3-cyclodextrin. Four peptides are analyzed 
with highly defined charge and inclusion sites. Based 
on the results observed with other phenyl included 
systems [37], bradykinin (BK) is expected to form an 
inclusion complex in solution with one of the phenyl 
side chains of the phenylalanine r sidues inserting into 
the /3-cyclodextrin cavity. The charge sites in the pep- 
tide are fixed at the arginine residues. Gly-5-Gly-8- 
bradykinin (G6GSBK) is an analog of BK in which the 
two phenyl groups are replaced by glycine. Des-Arg- 
1-bradykinin (dR1BK) and des-Arg-9-bradykinin 
(dRgBK) are analogs in which the Arg-1 and Arg-9 
residues are, respectively, removed. The use of CID to 
obtain dissociation thresholds in mass spectrometry, 
and specifically in Fourier transform mass spectrome- 
try, is well known [38-43]. HCD employs the heated 
capillary of the electrospray ion source to obtain the 
temperature at which the complex dissociates. A simi- 
lar method called thermally induced dissociation (TID) 
was used by Rockwood et al. [36] to dissociate cova- 
lent bonds of ions produced by electrospray. 
Experimental 
The peptides with their sequences are listed in Table 1. 
Heptakis-tri-O-methyl-/3-cyclodextrin (CD) and all the 
peptides except one were obtained from Sigma Chemi- 
cal Co. (St. Louis, MO) and used without further pu- 
rification. The Gly-5-Gly-8 bradykinin was synthesized 
for this project by Biosynthesis Inc. (Lewisville, TX). 
The electrospray solutions were prepared by dissolv- 
ing equimolar amounts of bradykinin, the peptide of 
interest, and the cyclodextrin in 50:50 methanol:water 
solvent at concentrations of 2.0 x 10 5 M each. 
The electrospray ionization experiments were car- 
ried out on a 3-T external source Fourier transform 
mass spectrometer built in this laboratory and de- 
scribed in detail in previous publications [44-46]. 
Briefly, the ions are produced and travel through a 
desolvation capillary that points toward a skimmer. 
The skimmer opens into a second chamber, maintained 
at 30 mtorr, which houses a second skimmer. The 
second skimmer opens into a chamber pumped by a 
turbo pump to a pressure of around 10 -5 tort. The 
ions are guided from the second skimmer into the 
opening of the quadrupole rods by a set of einzel 
lenses. The quadrupole rods extend through two dif- 
ferentially pumped chambers and end at the analyzer 
cell, which is maintained at 1 × 10 9 torr. 
Heated Capillary Dissociation 
The heated capillary is vital in the operation of the ESI 
source and is shown in Figure 1. The electrospray 
droplets travel through the capillary, which is held at a 
potential of 15-25 V. The capillary is a stainless teel 
tube that is resistively heated. Because of the dynamic 
nature of the source, a temperature gradient exists 
through the length of the capillary. The temperature is 
monitored in the center where it is likely to be the 
hottest. A pressure gradient also exists, ranging from 
atmospheric pressure at the opening of the capillary to 
1 torr at the other end. We have shown previously that 
without the heated capillary, clusters of solvent and 
analyte molecules are formed in ESI and no Fourier 
transform mass spectrometry (FTMS) signal is ob- 
served [46]. When acquiring routine ESI spectra the 
capillary is usually held at a temperature of approxi- 
mately 200 °C to obtain good signal. 
Heated capillary dissociation (HCD) uses the desol- 
vation capillary to provide dissociation energy to sepa- 
rate the complex. In HCD experiments, spectra are 
Table 1. Threshold voltage, center-of-mass collision energies, laboratory frame kinetic energies, 
dissociation threshold, and dissociation temperature of the [peptide + CD + 2H] 2+ complexes 
Peptide Vb_ p EKE a (eV) Ecom b E~ c (eV) T d (°C) 
GSGSBK 11.0 127.9 1.5 64.4 > 330 
Arg-Pro-Pro-Gly-Gly-Ser-Pro-Gly-Arg 
dR1BK 11.0 126.6 1.5 63.7 > 330 
Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
BK 10.5 108.1 1.2 54.4 300 
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
dRgBK 9.0 84.8 1.0 42.6 270 
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe 
a Laboratory frame kinetic energy at the onset of dissociation. 
b Center-of-mass collision energy for the first collision. 
c Dissociation threshold E.~ as calculated by eq 3. 
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Figure 1. Schematic ofthe heated capillary used for desolvation 
and dissociation of the complex. The capillary is part of the ESI 
source and is resistively heated. Solutions are sprayed in ambient 
pressure. The desolvating capillary opens in a region pumped to 
1 torr. The first skimmer opens to a region pumped to 30 mtorr. 
collected at various capillary temperatures (95 to 350 
°C) and the disappearance of the non-covalent complex 
is monitored. Similar experiments were performed by 
Rockwood and co-workers [35, 36] to thermally disso- 
ciate proteins. We use the term HCD rather than ther- 
mally induced dissociation (TID), which was used by 
Rockwood, because the former is more accurate for our 
system. In the experiments described in this article 
HCD is performed by electrospraying mixtures of the 
peptide of interest, along with bradykinin and cy- 
clodextrin. The addition of BK to the electrosprayed 
mixture allows us to use the [BK + CD + 2H] 2+ com- 
plex as an "internal standard" to monitor performance 
of the electrospray source. Although every precaution 
is taken to use identical source conditions for each 
experiment, he [BK + CD + 2H] 2+ complex gives an 
extra level of assurance because its behavior under 
HCD experiments has been well characterized by our 
group. Therefore, we can be sure that we are monitor- 
ing the dissociation temperatures of the unknown pep- 
tide complexes and not a coincidental problem with 
the electrospray source that has caused us to lose 
signal. The source conditions are also kept "mild" to 
eliminate any possible capillary-skimmer dissociation 
as described by Ramanathan and Prokai [47], which 
may confuse the measuring of thresholds further. 
Collision-Induced Dissociation 
Collision-induced dissociation is performed by using a 
standard pulse sequence. All the ions used for CID are 
produced with a capillary temperature of 200 °C. The 
experiment begins with the pulse valve opening for 2 
ms to allow nitrogen to enter the analyzer chamber 
from a reservoir maintained at 70 torr. Simultaneously, 
a shutter in front of the quadrupole rods is opened and 
the rods are activated to allow ions to be injected into 
the analyzer cell. The ions are accumulated for 1.5 s 
with both trapping plates maintained at 6 V. After the 
accumulation period, the shutter is closed and the rods 
are deactivated while the trapping plate is ramped to 
0.6 V over a period of 2 s. The ion of interest is isolated 
between 10 and 11 s after the beginning of the experi- 
ments by ejecting the other ions. A second N 2 gas 
pulse is activated 11 s after the start of the experiment 
to provide collision gas for the CID. At 14 s the 
selected ion is translationally excited with an rf pulse 
equal to the apparent cyclotron frequency of the ion for 
a period of 250/~s. The ions are allowed to collide with 
the background gas for 22 s, to ensure infinite collision 
conditions for eq (2) (described subsequently) before 
the ions are detected. Five scans are collected for the 
analysis. Without the CID excitation pulse, no frag- 
mentation of the complex is observed. Several experi- 
ments are performed with various base-peak rf volt- 
ages to obtain the dissociation threshold of the com- 
plex. 
Several methods are currently used to obtain disso- 
ciation energies with CID [41, 43, 48]. Two methods 
employing FTMS are described by Freiser and co- 
workers [49] by using multiple collision conditions and 
by McMahon and co-workers [50] by using single 
collisions. Single collision conditions are difficult to 
attain given the pulsed nature of the experiments and 
the background pressure of several gases, induding 
methanol and water from the electrospray source. The 
translational energy of the ion in the laboratory frame 
(EKE) was calculated from standard equations [51, 52]. 
Center-of-mass frame energies for a single collision can 
be calculated by 
m t 
Eco m = x EKE (1) 
m t + mp 
where rn t is the mass target and mp is the mass of the 
ion. The maximum amount of energy converted into 
internal energy under the conditions of infinite colli- 
sions (F_~) is obtained from [49] 
m t + mp 
F_~ = X EKE (2) 
m t + 2rap 
It should be noted that although eq 2 is shown to hold 
true for multiple collisions of small aliphatic alcohols 
and nitrogen, it is untested for large multiply charged 
ions colliding with nitrogen. Part of the goal of this 
study is to evaluate how accurate this approach is 
when the ions are very much larger than the target 
gas. 
There are several sources of error in the determina- 
tion of CID thresholds. Random thermal motion of the 
target molecules and the parent ions prior to accelera- 
tion creates a spread in the center-of-mass interaction 
as discussed by Hop et al. [50] and Chantry [53]. The 
error caused by this so-called Doppler broadening is 
considerably less than that from other sources and is 
therefore neglected. The true translational energy of 
the ion depends on whether the ion collides with 
neutrals during the ion excitation pulse. For this rea- 
son, the excitation pulse (250 /.~s long) is significantly 
shorter than the collision time to ensure that fragmen- 
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tation is due to collisions after the excitation pulse. A 
long reaction time is particularly important o allow 
multiple collisions to occur and the energy to random- 
ize throughout he complex. It is also important o 
allow the ion sufficient ime to dissociate because for 
large molecules, metastable decay lasts on the order of 
milliseconds [54]. The slow metastable decay adds an 
additional complication. During the same time period, 
radiative cooling can occur producing a so-called 
"kinetic shift" that will increase the apparent thresh- 
old [55, 56]. 
A high internal energy of the complex can decrease 
the effective dissociation threshold. The nitrogen pulse 
used to trap the ions, therefore, serves a second pur- 
pose of cooling the ion vibrationally. Given the pres- 
sure profile with the pulse gas, we estimate the ions to 
undergo greater than 104 collisions after the first pulse 
of nitrogen. This leads us to believe that the ions are 
thermally stabilized before CID. Furthermore, in exper- 
iments subsequently described in greater detail, ions 
formed at different emperatures were found to have 
the same CID dissociation threshold, consistent with 
the presence of thermally cooled ions. 
The largest source of error is in the determination f 
the onset of fragmentation. Rigorous methods have 
been developed and successfully employed by several 
groups for deconvoluting the onset of fragmentation 
[41-43]. These methods, however, have been applied 
to relatively simple systems where there is significant 
knowledge of the structure and the dissociation reac- 
tions. The systems discussed here are significantly more 
complex, with several competing reaction channels, 
including isomerization and fragmentation possibly 
with similar activation barriers. Slow metastable decay 
and radiative cooling are present to complicate the 
analysis [54, 56]. As this report is the first describing 
CID threshold measurements on large, noncovalently 
bound complexes of indefinite structure, we decided to 
use the simplest approach and define the threshold of 
fragmentation as the point (Vb_ P) at which fragments 
are first observed with a 2% relative intensity. The 
dissociation threshold for [BK + CD + 2H] 2+ was de- 
termined twice by using separate sets of data on sepa- 
rate days. The two sets both yield values of 1.20 eV 
(Eco m) suggesting ood reproducibility. The validity of 
this approach depends on the similarities in the inter- 
actions within the four systems. As these similarities 
are many (e.g., size, molecular weight, base sites), the 
relative values should provide useful numbers even if 
the absolute numbers may contain significant error. 
Results 
A representative ESI/MS spectrum of a mixture con- 
taining dRgBK, BK, and CD in the molar ratio of 1:1:1 
(2.0 × 10 -s M) dissolved in 50:50 methanol:water is 
shown in Figure 2. The capillary temperature was set 
to 186 °C. Signals corresponding to the complexes of 
[dRgBK + CD + 2H] 2÷ (m/z 1168) and [BK + CD + 
~5 ~B~H]*  
531 [BK+2H] 2.
t"R'sK2g" I
r 
500 { 000 15 O0 
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Figure 2. ESI FTMS spectrum of a mixture containing 
bradykinin, des-Arg-9-BK, and tri-O-methyl-/~-cyclodextrin (1:1:1) 
with capillary temperature of 200 °C. The complexes are ob- 
served with m/z 1168 [dR9BK + CD + 2H] 2+ and m/z 1246 
[BK + CD + 2H] 2+. The most abundant ions are the singly 
charged peptide des-Arg-9-BK (m/z 905) and the doubly charged 
BK (m/z 531). 
2H] 2+ (m/z 1246) are observed with strong abun- 
dances. The protonated peptide (uncomplexed) is ob- 
served as the singly charged ion ([dR9BK + HI +, m/z 
905) and the doubly charged ion ([dR9BK + 2H] 2÷, 
m/z 453). Protonated [BK + H] + (m/z 905) and 
[BK + 2H] 2+ (m/z 531) are also observed. The cy- 
clodextrin is observed as both the sodiated ([CD + 
NA] ÷, m/z 1452) and the potassiated ([CD + K] +, 
m/z 1468) species, with the former being the most 
abundant, but never as the protonated species. The 
complexes are always observed as the doubly proto- 
nated species and never with alkali metals. In ESI we 
rarely see a protonated oligosaccharide because the 
proton affinity of the sugar is quite low and sodium 
present in trace amounts in the solution can coordinate 
with the oxygen atoms to form charged species. For BK 
and its analogs only protonated species were observed, 
because the arginine residues they contain have a high 
proton affinity. 
Heated Capillary Dissociation 
Figure 3 shows the HCD plot for the complex of 
[dR9BK + CD + 2HI 2+. The fractional intensity of the 
peptide-CD complex, that is, [complex]/([free pep- 
tide] + [complex]), is plotted as a function of tempera- 
ture. The plot shows that the [dRgBK + CD + 2HI 2+ 
complex dissociates at 270 °C. We assign the dissocia- 
tion temperature (Td) as the lowest temperature where 
the intensity of the complex has signal-to-noise ratio 
(S/N) = 2 (T d = 270 °C for [dRgBK + CD + 2H]2+). 
The [dR1BK + CD + 2H] 2÷ complex is still present at 
above 330 °C. We are uncertain of the effect of pro- 
longed high temperatures on the ESI source so experi- 
ments at higher temperatures were not performed. 
However, the signal due to the [dR1BK + CD + 2H] 2+ 
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Figure 3. The relative intensity of the complex [dR9BK + CD + 
2+ 2H] , where percent dissociation is calculated as [dRgBK + CD 
+ 2H]2+/[dR9BK + CD + 2H]2+ +[dRgBK + 2H] +. 
complex was already severely attenuated at this tem- 
perature. The experiments with dR1BK and GSGgBK 
show that both complexes dissociate at greater than 
330 °C, but the dRIBK complex appears to attenuate 
somewhat faster. A summary of the results is provided 
in Table 1. The ordering of the TdS is dRgBK < 
bradykinin < dR1BK ~-, GSGBBK. 
Collision-Induced Dissociation 
The CID spectrum of the [dRgBK + CD + 2H] 2+ com- 
plex accelerated to slightly above the fragmentation 
threshold (1.00 eV, Eco m) is shown in Figure 4. Only 
the singly charged ion [dR9BK + H] ÷ is observed as a 
1168 
[dRSBk+CD+2H] z*
904 [dRSBK+H]* 
800 900 1000 1100 1200 1300 
m/z 
Figure 4. The CID spectrum of [dR9BK + CD + 2H] 2+ with 
10-V (b-p) rf applied to the transmitter plates. The laboratory 
frame energ)z (EKE) is calculated to be 104.6 eV. The protonated 
peptide [dWBK + H] ÷ is the only product observed. 
fragment. No peptide or oligosaccharide fragments are 
observed. The absence of the doubly charged peptide 
is noteworthy and is discussed further in the following 
section. For [dR1BK + CD + 2H] 2÷, which also con- 
tains only a single arginine residue, both singly and 
doubly charged peptides are observed at threshold. 
For the complexes [BK + CD + 2H] 2÷ and [GSGaBK 
+ CD + 2H] 2÷, in which the peptide contains two 
arginine residues only the doubly charged peptides are 
observed as products. The relative intensity of the 
uncomplexed peptide fragment as a function of the 
applied rf level is plotted in Figure 5 for [BK + CD + 
2H] 2+. Several points are taken near the onset of frag- 
mentation. Between 0 and approximately 20% frag- 
mentation, the intact peptide is the only product ob- 
served. At higher rf, fragmentation of the peptide 
backbone and the oligosaccharide is observed. The rise 
of the product near threshold energies is gradual. Be- 
tween 11 and 12 V [base-to-peak (b-p)] the product 
ion intensity increases only to 6%. Therefore, a high 
signal-to-noise ratio in these experiments i  important. 
The results of the CID experiments are tabulated in 
Table 1. The threshold values are listed in decreasing 
order together with the base-to-peak amplitude of the 
applied rf pulse (Vb_p), the laboratory frame kinetic 
energy (EKE) , the center-of-mass frame energy for the 
first collision (Ecom) , and the center-of-mass frame en- 
ergy for an "infinite" number of collisions (E~). For 
comparison, the dissociation temperatures obtained 
with HCD are also listed. 
The Eco m values are largest for [GSGSBK + CD + 
2H] 2+ and [dRIBK + CD + 2H] 2+ at 1.5 eV. The [BK 
+ CD + 2H] 2+ complex has an intermediate value of 
1.2 eV. [dRgBK + CD + 2H] 2+ has the smallest value 
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Figure 5. The plot of the [BK + 2H] 2+ relative intensity as a 
function of applied r f  (VB_ p) accumulated from several CID 
experiments. 
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with 1.0 eV. The Eco m are consistent with values re- 
ported earlier for the CID of protonated complexes of 
cyclodextrin with phenylalanine [47]. The values at the 
infinite collision limit E~, which is supposed to closely 
reflect the binding energy, are extremely large. The 
high values are somewhat expected as eq 2 approaches 
½EKE when mp >> rn t. However, they appear to be too 
large. By comparison, gas-phase complexes bound to- 
gether by N-H + ..- O interactions have binding ener- 
gies of only about 1 eV [57]. 
Perhaps the most important information in Table 1 
is that the relative thresholds of the interactions mea- 
sured by CID follow the same order observed with 
HCD, providing supporting evidence that both meth- 
ods probe the strength of the binding interaction. In 
essence, the two methods are similar; both use colli- 
sion-induced issociation to fragment he complex. In 
HCD, the internal energy of the complex is increased 
by collisions with translationally and vibrationally ex- 
cited neutral molecules, whereas in CID, it is the ion 
that is translationally excited. That the two methods 
are in excellent agreement is therefore not surprising. 
Temperature R solved CID 
CID experiments on the [dRgBK + CD + 2H] 2+ com- 
plex were carried out at different temperatures to 
assess whether thermally induced rearrangements oc- 
cur in the complex structure during its transport 
through the heated capillary and to test the effective- 
ness of the collisional cooling performed on the trapped 
ion in the ion cyclotron resonance (ICR) cell. Three 
capillary temperatures were used: 160, 200, and 230 °C. 
The experiments performed at 200 °C were repeated 
for these studies. Ideally, threshold measurements for 
the complex should be determined at each tempera- 
ture, but at high capillary temperatures the spectra 
show low abundances of the complex and high noise 
levels. This condition prohibits accurate determination 
of the onset of fragmentation. Insteady, we chose to 
compare the relative abundances at a given applied rf 
amplitude (Vb_p) for the three temperatures (Table 2). 
The relative intensity of the fragment ion at an applied 
rf is the same for the three temperatures, indicating 
that the three experiments fit on the same curve. This 
means that the threshold is the same and independent 
of capillary temperature. This result implies further 
that the ions are thermally stabilized by the first pulse 
of nitrogen gas and that rearrangements in the capil- 
lary probably do not occur. 
Discussion 
The differences in the dissociation energies are intrigu- 
ing, and although absolute values for binding energies 
cannot be obtained, we may be able to make gross 
suggestions about specific binding characteristics for 
each complex. 
However, before discussing the structure of these 
complexes in the context of their relative binding ener- 
gies there are a number of considerations that must be 
addressed. We are unable to say how many different 
isomers of a complex at a particular mass-to-charge 
ratio are present. We suggest the use of the word 
isoplex to describe different structures of noncovalently 
bound complexes with the same composition. In the 
cases discussed here, the variations in isoplex structure 
may range from those composed strictly of ion-dipole 
interactions without inclusion to those that have some 
form of inclusion. It has been proposed that the proba- 
bility of inclusion is determined by size first and hy- 
drophobicity second [26] and thus residues other than 
phenylalanine (such as proline) may be partially in- 
cluded in the cavity while in solution. If several iso- 
plexes are present, the threshold energies determined 
by CID describe the binding only of the most weakly 
bound complex, because we monitor appearance of the 
free peptide. With HCD, the total disappearance of the 
complex is monitored, so it is indicative of the most 
stable isoplex. The similarities observed in the trends 
of binding strengths from both the HCD and CID 
results lead us to conclude that there is not a large 
variation in the gas-phase structures. This implies that 
either the complexes are produced in the gas phase 
from solution with a well-defined stable structure or 
that all isoplex structures equilibrate during ionization 
to the most stable structure. Another possibility is that 
other, less stable, gas-phase complexes may not sur- 
vive the ionization process. For example, complexes 
containing multiple cyclodextrins attached to 
bradykinin have been reported in ESI, as in [4CD + 
BK + 3HI 3+, [3CD + BK + 3H] 3+, and [2CD + 
BK + 3H] 3+ [23]. Whereas the conditions and concen- 
trations described in the preceding text differ from 
Table 2. Relative intensity of fragments (in %) near dissociation threshold for [dRgBK + CD + 2H] 2+ 
formed with different capillary temperatures 
V b p 160 °C 200 °C 230 °C 
9 2.0 3.5 2 ~ 
10 3.9 4.1 3.4 
11 13.2 a 11.9 12.0 
12 22.5 21.0 20.4 
a Interpolated value. 
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those of the earlier article, the most likely reason that 
these are absent in our spectra is that such adducted 
species probably dissociate at relatively low tempera- 
tures. 
Before comparing thresholds we must also ensure 
that each complex follows the same mechanism upon 
dissociation. Upon CID of the doubly charged com- 
plex, both BK and GSGSBK give a doubly charged 
peptide fragment. However, for dRIBK and dRgBK a 
singly charged peptide fragment is observed and the 
second proton is "lost." We can postulate three possi- 
ble mechanisms for dissociation, as shown in Scheme I,
where P denotes peptide and P:CD is the complex. In 
mechanism 1, the doubly charged complex dissociates 
at threshold energies to produce the doubly charged 
peptide. In mechanism 2, deprotonation of the doubly 
charged complex occurs at threshold, probably due to 
methanol or water residual in the ICR cell from the 
electrospray process. The deprotonated complex can 
then dissociate to give the singly charged peptide. In 
mechanism 3, upon excitation the complex dissociates 
to give both a singly charged peptide and a singly 
charged cyclodextrin. 
In the case of the BK and GSG8BK complexes, 
mechanism 1 is clearly operative. The doubly charged 
peptide is the only product observed. However, in the 
case of complexes of dR1BK and dRgBK, where singly 
charged peptides are observed, dissociation could pro- 
ceed by either of the three mechanisms. Mechanism 3
is unlikely because [CD + H] + is not observed in the 
CID or HCD mass spectra. We would not expect 
methanol or water to charge-exchange with the CD at 
or near threshold because CD, being essentially an 
ether, has a significantly higher proton affinity [58]. 
Mechanisms 1 and 2 are both viable for the com- 
plexes of dRIBK and dRgBK. In both mechanisms, 
charge may be lost through charge-exchange at thresh- 
old with methanol or water, because the second proton 
on the complex is not on an arginine residue. For 
example in dR9BK, the second proton is likely to be 
delocalized and can reside in any of the less basic 
carbonyl groups of the peptide backbone. Kaltashov 
and Fenselau [59] suggested that the second proton 
may reside at the C-terminus in doubly protonated 
dR9BK, far away from the protonated Arg residue. We 
postulate that this is also the location in the dRgBK 
complex. The high kinetic energy of the ion may pro- 
vide the driving force for the endothermic deprotona- 
tion of the complex in mechanism 2 (AGB = 40 
1. [P:CD + 2H] 2+ ,~ [P + 2H] 2+ + [CD] ° 
2. [P:CD + 2H] 2+ _ [P:CD + H] + 
3. [P:CD + 2H] 2+ ,,. [P + H] + + [CD + H] ÷ 
Scheme I 
kcal/mol) [59, 60]. Attempts to observe protonated 
methanol or water as products have not been success- 
ful. Even if these species were observed we would not 
be able to unambiguously state that they came from 
charge-exchange with the complex. In ESI FTMS there 
are many protonated species present in background 
amounts that are not readily observed. Therefore, we 
cannot unequivocally state which mechanism is occur- 
ring without more detailed investigations. If mecha- 
nism 2 dominates for complexes of dR1BK and dRgBK, 
what we are in fact measuring is the deprotonation 
threshold and not the dissociation threshold. 
In light of these statements, we can make some 
attempts at interpreting the results in Table 1. For 
GSGSBK and BK the same dissociation mechanism is 
operative and so these species can be justifiably com- 
pared. For both peptides, the arginine residues are 
protonated under the experimental conditions and in 
solution are solvated either by solvent molecules or the 
carbohydrate. Ion-dipole interactions alone cannot ac- 
count for the large differences in binding energies een 
between the two complexes. GSGSBK and BK have all 
the same functional groups capable of forming strong 
hydrogen bonds yet require 1.5 and 1.2 eV of Eco m, 
respectively, to observe dissociation of the complex. 
The relative sizes of the complexes may affect the 
relative binding energies by affecting the relative 
heights of the barrier to dissociation. The energetics of 
a complex will depend on the number of degrees of 
freedom. A smaller system will have fewer degrees of 
freedom and hence we may expect it to have a lower 
threshold if size is the determining factor. However 
G5GSBK is smaller than BK, but has a larger Eco m. 
In the [BK + CD + 2H] 2+ complex, the phenyl 
group is likely included in the cyclodextrin cavity [26]. 
A possible structure is shown schematically in Scheme 
II. The phenylalanine residue is included in the cy- 
clodextrin cage due to hydrophobic effects, and the 
guanidinium group of the arginine residue interacts 
with the cyclodextrin rim, the most hydrophilic part of 
the molecule, via ion-dipole interactions. In solution, 
the arginine group will naturally also interact with 
solvent molecules but the arginine-cyclodextrin im 
interaction will become more important in the gas 
phase. 
H2C ." NH2.....NH >c 
~ --NH 2 
Scheme II 
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In Scheme II we show the guanido group interact- 
ing with the upper (wide) rim. If the complex remains 
intact during ionization, the forces that keep the com- 
plex bound in solution will not necessarily have the 
same effects in the gas phase. The larger dissociation 
threshold and higher HCD dissociation threshold of 
[GSG8BK - CD + 2H] 2+ (1.5 eV; > 330 °C) compared 
to [BK - CD + 2H] 2+ (1.2 eV, Ecom; 300 °C) imply a 
destabilizing nature for the phenylalanine residue in 
the gas phase. We have recently observed similar be- 
havior in the HCD of amino acid-cyclodextrin com- 
plexes. For the systems [Phe + CD + H] + and [Gly + 
CD + H] +, the T d of the former is less than the latter 
(245 and 260 °C, respectively) [61]. In solution, the 
formation of inclusion complexes is driven by hy- 
drophobicity. When the hydrophobic effect is elimi- 
nated by removal of the solvent, the resulting inclu- 
sion complex will have little stabilizing interaction 
other than van der Waals between the cavity interior 
and the included group. In the absence of solvent, the 
interaction may even become repulsive and the cy- 
clodextrin case may prefer to collapse to increase in- 
tramolecular interaction. The formation of inclusion com- 
plexes may be, therefore, intrinsically destabilizing in the 
gas phase. 
The complex of [dR9BK - CD + 2H] 2+ has the low- 
est dissociation threshold (1.00 eV) of the four pep- 
tides, suggesting that Arg-9 has an important role in 
the complex stability. In BK, Arg-9 may be strongly 
involved in ion-dipole interactions. If we are indeed 
measuring the dissociation and not the deprotonation 
threshold, we may postulate that the phenyl side chain 
and the protonated Arg act to form a "molecular 
latch" keeping the inclusion complex together (Scheme 
II). 
The relatively high dissociation energy of the com- 
plex [dR1BK + CD + 2HI 2÷ is unexpected. In the dou- 
bly charged complex [dR1BK + CD + 2H] 2+, the sec- 
ond proton will likely reside on the Pro residue at the 
N-terminus. The intrinsic proton affinity of this residue 
is high, but not as high as arginine [60]. For some yet 
undetermined reason, protonated Pro may nonetheless 
form a significantly stronger interaction with the cy- 
clodextrin rim than protonated Arg, thereby increasing 
the strength of the interaction. Structural factors may 
also favor interaction of the protonated Pro, which is 
closer to the Phe residue. Once again, until we are sure 
of the mechanism of dissociation versus deprotonation 
we are unable to fully explain this result. 
Conclusion 
In conclusion, even though we cannot unambiguously 
determine the mechanism of dissociation for the com- 
plexes of dR1BK and dR9BK, these results provide 
strong evidence that gas-phase complexes of peptides 
bound to cyclodextrins are not limited to ion-dipole 
complexes. There is an apparent relationship between 
the charge site and the inclusion site consistent with 
the formation of an inclusion complex. In solution, 
hydrophobicity is expected to be the major driving 
force for complex formation. However, removal of the 
solvent produces a complex that is stabilized by 
ion-dipole interactions and possibly destabilized by 
the interaction resulting from inclusion of the phenyl 
ring. If inclusion complexes are observed in the gas 
phase, then the results mean that the solution-phase 
structures are maintained uring the process of ESI, at 
least for inclusion complexes. 
Perhaps more important we have shown that HCD 
and CID are powerful techniques that provide relative 
dissociation energies of noncovalently bound com- 
plexes. They provide complementary and supporting 
information. Their applications to inclusion complexes 
have been illustrated, but they have general utility in 
the study of all noncovalently bound complexes ob- 
served with ESI/MS. 
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